The plan of this study was to assess the protective activity of Perillyl alcohol (POH) on the levels of lipid peroxidation (LPO) by-products and antioxidant defense systems in the plasma and other tissues of normal and High Fat Diet-Low Dose Streptozotocin (STZ) induced type 2 diabetes in wistar rats. Materials and Methods: The experimental diabetes was induced in animals by High Fat Diet-Low Dose STZ (35 mg/kg i.p.) injection, and treatment with Perillyl alcohol at the dose of (50mg/kg b.w and 100mg/kg b.w) was continued for 30 days. At the end of treatment period, oxidative stress parameters like lipid peroxidation by-products; enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and non-enzymic antioxidants including reduced glutathione, Vitamin C and Vitamin E were measured in the plasma and tissues of experimental rats. Results: In untreated diabetic rats an increase was seen in the levels of lipid peroxidation by-products and significant decrease was seen in antioxidant enzymes. Oral administration of Perillyl alcohol a monocyclic monoterpene to diabetic rats for 30 days caused a significant reduction in the levels of lipid peroxidation by-products and an increase in the activities of antioxidant enzymes, when the same were compared with the untreated diabetic group. Conclusion: The result of this study indicates that Perillyl alcohol has anti lipid peroxidation and antioxidant status potential in experimental diabetes.
INTRODUCTION
Antioxidants are man-made or natural substances that bind to free radicals and thus prevent them from oxidative damage in normal healthy cells. Diabetes mellitus is said to be associated with increased oxidative stress, which could be a result of either increased production of free radicals or reduced antioxidant defenses in the body. 1 High levels of ROS contribute to lipid peroxidation (LPO) in cellular membranes, increasing their fluidity and permeability. Specifically, high levels of Reactive Oxygen Species generate malondialdehyde (MDA), a highly toxic molecule in the body, and its secondary product, thiobarbituric acid reactive substances (TBARS), which is used as marker of LPO. 2 People with good health have a balance between free radicals and antioxidants in the body. However, it has been shown that people who have diabetes have higher levels of free radicals, which can cause diabetic complications. 3 During diabetes, high glucose levels causes an increased production of free radicals in the different tissues of body, especially reactive oxygen species (ROS), from glucose autoxidation and protein glycosylation. 4, 5 Damage to cellular organelles and enzymes and an increase in lipid peroxidation can be caused by high levels of free radicals produced in body in diabetes condition and the simultaneous decline of antioxidant defense mechanisms. 6, 7 There are several other options to maintain normoglycemia in diabetic individuals, but most of the currently available antidiabetic medications elicit undesirable side effects and lessening in response after prolonged use. 8 Plant-derived herbal remedies are apparently effective, produce very less or no side effects in clinical experience and are of relatively low costs as compared with oral synthetic hypoglycemic agents already available in market. 9 Perillyl alcohol (POH) [ Fig. 1 ] is a naturally occurring monocyclic monoterpene that can be purified from various plants such as peppermint, spearmint, cherries and celery. 10 It has been shown by the researchers that POH possesses considerable anti-tumor, anticancer, anti-inflammatory and anti-fungal activity. 11, 12 The aim of this experiment is to find out the effect of POH on lipid peroxidation and oxidant status in varies tissues of High Fat Diet-Low Dose Streptozotocin (STZ) induced type 2 diabetes in wistar rats. 
Chemicals
Perillyl alcohol (POH) and Streptozotocin were purchased from Sigma-Aldrich (St. Louis, MO, USA) and other chemicals used in experiment were obtained from E. Merck, Himedia (Mumbai India). All of the chemicals and reagents used in these experiments were analytical grade ( Figure 1 ).
High fat diet-low dose streptozotocin induced diabetes
The rats were divided into two dietary regimens by feeding either normal or high fat diet (HFD) for the initial period of four weeks. 13 The ingredients and chemical composition of the HFD (Table 1) was followed as before reported. After four weeks of dietary manipulation, the groups of rats fed with HFD were injected intraperitoneal with a low dose of STZ (35 mg/kg b.w) dissolved in 0.1M cold citrate buffer, pH 4.5). Three days after STZ injection, the rats were screened for blood glucose level. Rats that are having fasting blood glucose (FBG) >250 mg/dl that exhibited random hyperglycemia and glycosuria were selected for the experiment.
Experimental design
A total number of 30 rats were divided into 5 groups of six animals each (6 normal rats and 24 diabetic rats). Saline was used as vehicle. Perillyl alcohol and Glibenclamide were dissolved in saline and administered orally once in a day for 30 days. Group 4-HFD fed-STZ induced diabetic rats orally treated with Perillyl alcohol (100 mg/kg b.w /day for 30 days).
Group 5-HFD fed-STZ induced diabetic rats orally treated with Glibenclamide (6mg/kg b.w /day for 30 days).
During the experimental period, body weight, food and water consumption and physical examinations of rats were determined at regular intervals to check the changes occurring during experiment. At the end of the treatment period of 30 days the rats were fasted overnight and sacrificed by cervical decapitation in the morning.
Sample collection
Blood samples were collected from 12-hr fasted rats with capillary tube from retino-orbital plexus in fresh vials containing EDTA (1.5 mg/ml) as anticoagulant. The samples were centrifuged at 2500 RPM for 10 min to obtain plasma.
Estimation of biochemical parameters
Plasma glucose was estimated colorimetrically by the method of Trinder using a reagent kit. 14 Plasma insulin was measured by enzyme-linked immunosorbent assay (ELISA) according to the method of Berg et al. 15 Thiobarbituric acid-reactive substances (TBARS) were measured in plasma and other tissues by the method of Niehaus and Samuelsson. 16 Lipid hydroperoxides (LOOH) was estimated by using the method of Jiang et al. 17 . The activity of superoxide dismutase (SOD) was assayed by using the method of Kakkar et al. 18 The activity of catalase (CAT) was determined by using the method of Sinha. 19 The activity of Glutathione peroxidase (GPx) was estimated by the method of Rotruck et al. 20 The activity of reduced GSH was determined by using the method of Ellman. 21 Vitamin C was assessed by the method of Roe and Kuether 22 a-tocopherol (Vitamin E) was estimated by the method of Baker et al. 23 and expressed as µg/ mg of protein.
STATISTICAL ANALYSIS
All values are expressed as mean ± SD for six rats in each group. Oneway ANOVA followed by Duncan's multiple range test (DMRT) using IBM SPSS version 22. Statistical significance was compared within the groups as follows: a control rats; b diabetic control rats. Values are statistically significant at *p<0.05. Tables 2 and 3 represent TBARS and LOOH concentration in plasma and tissues (liver, kidney, and pancreas) of control and experimental rats. TBARS and LOOH levels were significantly (p < 0.05) elevated in diabetic control rats when compared with normal control rats, whereas diabetic rats treated with POH 50 mg and 100 mg/kg body weight for 30 days orally significantly decrease the elevated levels of TBARS and LOOH when compared with diabetic control rats.
RESULTS

Effect of Perillyl alcohol on blood glucose and plasma insulin
Effect of POH on lipid peroxidation
Effect of POH on enzymatic antioxidant enzymes
Tables 4-6 depicts the antioxidant enzymes levels such as SOD, CAT and GPx respectively were significantly lessen in diabetes induced rats when compared with normal control rats. POH treated diabetic rats for the period of 30days showed significant improvement in the levels of SOD, CAT and GPx in plasma and other body tissues (liver, kidney and pancreas) when the treated rats were compared to diabetic control rats. GPx for tissues were expressed as µg of GSH consumed /minute/mg protein. All values are expressed as mean ± SD for six rats in each group. One-way ANOVA followed by Duncan's multiple range test (DMRT). Statistical significance was compared within the groups as follows: a control rats; b diabetic control rats. Values are statistically significant at *p<0.05.
Effect of POH on non-enzymatic antioxidants
Tables 7-9 shows the level of non-enzymatic antioxidants in plasma and other body tissues (liver, kidney and pancreas) of control and diabetic rats. The GSH, vitamin C and Vitamin-E levels were significantly declined due to the increase in oxidative stress in diabetic control rats when compared to normal rats. These abnormal levels of non-enzymatic antioxidants GSH, vitamin-C and Vitamin-E significantly elevated near to normal levels in POH treated diabetic rats for the period of 30 days.
DISCUSSIONS
Metabolic disturbances and Insulin Resistance caused by obesity have been linked to Oxidative Stress. Both in humans with obesity and in animals which are used for experiments, obesity has been linked with the increase in Oxidative Stress markers. [24] [25] [26] An increase in Oxidative Stress in the body if fixed with an attenuated antioxidant capacity of the body tends to disrupt the normal redox homeostasis leading to irreversible damage to the cell membranes and other macromolecules inside the body. 27, 28 High Fat Diet administration is now-a-days routinely employed in the experimental models mostly rats or mice for obesity and metabolic syndrome to display an increase in weight, IR, and dyslipidemic changes. It has been argued that excessive accumulation of fat by giving HFD to animal models leads to enhanced production of ROS in adipocytes and systemic tissues. Obesity, IR and hyperglycemia, develop over a period of several weeks of High Fat Diet administration and it has been demonstrated that increased OS precedes these changes. 29 Addressing these elevated levels of stress is therefore likely to afford protection against or amelioration of the metabolic consequences caused by HFD. In the present study, rats were fed with HFD for 4 weeks followed by Low dose STZ injection. DM has been reported to produce ROS that surpasses the local antioxidant capacity of the system. Free radicals like hydroxyl radicals (˙OH), superoxide anion (O2˙−), lipid peroxyl radicals (LOO˙), peroxyl radicals (ROO˙) and hydrogen peroxide (H 2 O 2 ) are mainly produced during the developing stages of diabetes. These free radicals produced may react with the polyunsaturated fatty acids of the cell membranes, which lead to lipid peroxidation. 30 This in turn, leads to extensive damage to the cell membranes which causes impairment of membrane functions due to a decrease in membrane fluidity. 31 In our work, we observed in rats treated with HFD-Low dose STZ that there was a significant increase in the levels of TBARS and LOOH in the plasma and other tissues of diabetic rats. The increased levels of TBARS and LOOH contents in the diabetic rats imply that peroxidative injury may be associated with the development of diabetic complications. Treatment with POH (50 and 100 mg/kg b.w) and Glibenclamide reduced the levels of TBARS and LOOH in plasma and other tissues when compared with the diabetic rats suggests that POH has the potential to scavenge free radicals. In all the organisms, antioxidant enzymes form the main line of defence against the ROS generated. These enzymes include SOD, CAT as well as GPx. In diabetes, disturbances in the antioxidant defences system and reactive oxygen species (ROS) induced oxidative damage in the pathogenesis of DM associated disorders have also been previously reported by 32 Therefore, treatment with phytochemicals may contribute to the prevention as well as the postponement of diabetic associated complications. 33 However, the interactions between the oral hypoglycemic drugs and the phytochemical in terms of stability, bioavailability, and metabolism have to be established for successful therapeutic strategies. 34 High Fat Diet induced Oxidative stress is engaged in the development of diabetes and also its later complications are well mimicked by the diabetogenic action of STZ administration and also lead to chronic hyperglycemia. GSH for plasma and tissues were expressed as mg/dl and µg/mg protein. All values are expressed as mean ± SD for six rats in each group. One-way ANOVA followed by Duncan's multiple range test (DMRT). Statistical significance was compared within the groups as follows: a control rats; b diabetic control rats. Values are statistically significant at *p<0.05. 35 In POH treated diabetic rats, showed improved levels of SOD compared diabetic control rat. From this result, POH may be inhibited the reactive oxygen-free radicals and also enhanced the tissue antioxidant enzymes activity.
Groups
CAT is a heme protein which helps to catalyzes the reduction of hydrogen peroxides and protects the tissues of body from the highly reactive hydroxyl radicals. A decrease in CAT activity in diabetic rats may be a result of inactivation of the enzyme by glycation. 36 CAT reduces hydrogen peroxide that is produced by a dismutation reaction. CAT also prevents the body from the generation of hydroxyl radicals, thereby protecting the cellular constituents from oxidative damage in peroxisomes. The reduced activity of CAT in HFD-STZ treated rats might result from the accumulation of H 2 O 2 , which produces deadly effects. In this investigation, CAT levels were significantly increased in plasma and other tissues like Pancreas, kidney, liver of POH treated rats, may be POH prohibited hydroxyl radicals and its antioxidant nature.
Glutathione peroxidase (GPx), a selenium-containing enzyme present in significant concentrations in the body, detoxifies H 2 O 2 to H 2 O through the oxidation of reduced GSH. Reduced activity of GPx may result from radical-induced inactivation and glycation of the enzyme. 37 The lowered GPx activity could be directly explained by the low content of GSH which is substrate and cofactor of GPx found in the diabetic state. Reduced activity of GPx in the tissues was observed during diabetes condition, which may lead to a number of harmful effects because of the accumulation of toxic products. Other study from researchers also reported a decrease in the activity of GPx in the tissues of diabetic rats. 38 In POH treated 50 mg and 100 mg/kg body weight diabetic rats, the levels of GPx were elevated in plasma and tissues. Therefore, POH a monoterpene possesses the ability to inhibit the levels of H 2 O 2 by its anti-peroxidative activity.
The non-enzymic antioxidant Glutathione is a tripeptide, present intracellular helps in protection of cellular systems from the adverse effects of lipid peroxidation. GSH directly scavenges free radicals formed during Lipid peroxidation and acts as a co-substrate for peroxide detoxification by glutathione peroxidases. 38 When the oxidative stress increases in the body due to a significant increase in aldehydic products or free radials of lipid peroxidation could probably decrease GSH availability in the cell. 39 Moreover, treatment with POH 50 mg and 100 mg/kg resulted in the elevation of the GSH levels, in the diabetic treated rats which protects the cell membrane from the oxidative damage by regulating the redox status. 40 Vitamin C plays an important role in the antioxidant system of body which protects all lipids from undergoing oxidation. Also, it helps in withdrawing count of apoptotic cells .41 and helps to regenerate vitamin E from its oxidized state. 42 On the other hand, Vitamin E is a non-enzymatic antioxidant, which also helps in reducing chain reactions associated with lipid peroxidation. 43 Vitamin E is very important antioxidant because it is reported to be very effective in the glycemic control and also helps in lowering the level of HbA1c, the glycated haemoglobin used as a marker to measure average blood glucose of three months. 44 Several evidences and researches indicate that the reductions in the levels of non-enzymatic antioxidants are associated with HFD-STZ induced diabetic rats. 45, 46 In our studies, Perillyl alcohol administration in High Fat Diet and STZ induced experimental DM rats express near normal levels of GSH, vitamin C and E display the potential of Perillyl alcohol to restore the antioxidant reserves.
CONCLUSION
In conclusion, this study has demonstrated that the effect of Perillyl alcohol a monoterpene reduces the oxidative stress when administrated orally for the period of 30 days in HFD-Low Dose STZ-induced diabetic rats by decreasing lipid peroxidation and sparing the activities of antioxidant enzymes. Therefore, Perillyl alcohol can be considered as a safe food supplement with a potential as an antidiabetic agent in diabetic complications. Thus, in the near future, Perillyl alcohol may play a very important role in modern system of medicine.
